Red algae can synthesize UV-absorbing mycosporine-like amino acid (MAA) compounds to minimize the damage caused by UV radiation. MAAs are molecules with low molecular weight and absorption maxima in the UV region (310-360 nm). Combined with their antioxidant activities, these features suggest a potential application in the prevention and therapeutic treatment of afflictions related to freeradical production and UV irradiation in humans. However, the use of MAAs in biotechnological products is limited by the low concentrations of these compounds in macroalgae harvested from the wild. Thus, species with high MAA concentrations are desirable. Information on red algae from Patagonia generally shows low concentrations of MAAs. However, increased MAA or at least changes in individual MAA concentration have been observed in certain species under stressful conditions. Additionally, methanolic extracts show an interesting absorption in the UVB region in certain red algae species, such as Lophurella hoockeriana.
the synthesis and accumulation of UV-absorbing compounds such as trihidroxicoumarins in green algae [17] , polyphenols in brown algae [15, [18] [19] [20] [21] , and mycosporine-like amino acids (MAAs) in red algae species [22] [23] [24] [25] [26] [27] [28] .
MAAs have been reported not only in red algae but also in organisms from other taxonomical groups, such as cyanobacteria, phytoplankton, lichens, gorgonians, corals and their associated biota, and many other marine organisms, such as cnidarians, sponges, brine shrimp, sea urchins, starfish, holothurids, clams, ascidians, and fish [29] [30] [31] , as well as some species of green [32, 33] and brown algae [34] . More than 20 MAAs have been reported from diverse organisms (Table 1) . However, continued surveying of organisms and methodological advances may yet reveal new MAAs, and hence, the diversity and distribution of these compounds may be greater than is currently recognized.
Functions of MAAs and their biotechnological applications
MAAs have been called "multipurpose" secondary metabolites [35] because they are thought to perform several roles in algal cells. First, MAAs are suggested to function as natural sunscreens that mitigate UV damage, as they mainly absorb in the UV region at wavelengths of 310-360 nm (Table 1) [24, 36, 37] . This absorbance prevents other cellular structures from being affected by the radiation [34, 38] . MAAs can function as passive shielding and dissipate the energy of the absorbed radiation as heat [39] without generating photochemical reactions or ROS [26, [40] [41] [42] .
Second, MAAs can act as antioxidants to prevent damage from ROS resulting from UV radiation [43] , desiccation [44] , salinity [45] [46] [47] , and heavy metal [48] stresses. The antioxidative capacities vary among different MAAs, with some of them having moderate to high antioxidant activity and others having weak activity or lacking it entirely, depending on the pH [49] and temperature [50] . Whereas shinorine and porphyra-334 Table 1 : Mycosporine-like amino acid compounds identified in different organisms.
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have weak antioxidative activity, mycosporine-glycine acts as an effective antioxidant [43] . Recently, de la Coba et al. [49] reported that mycosporine-glycine presented the highest activity, with an IC50 that is 8 times the value of L-ascorbic acid at pH 8.5, followed by asterina-330 plus palythine. Porphyra-334 plus shinorine showed scarce activity for scavenging hydrosoluble free radicals. In contrast, dehydrated porphyra-334 that was produced after heat treatment (100 °C) showed a huge boost in antioxidative activity over the antioxidative activity of the original porphyra-334 [50] . Third, it has been suggested that MAAs may play a role in cell osmotic regulation as neutral, low-molecular-weight organic compounds that accumulate in the cytoplasm [35, 51] . MAAs may also be important in algal cells due to their potential additional roles as accessory light-harvesting pigments during photosynthesis, as intracellular nitrogen reservoirs, and in reproduction [35] . The MAAs can dissipate energy-excited thymine residues and prevent the formation of photoproducts [52] . However, there is no evidence of the importance of this mechanism in vivo [53] . The MAAs have also been identified as accessory pigments that transfer energy to the reaction centers of photosynthesis [54] , although this issue remains controversial [35] .
MAAs might be suitable candidates for the cosmetic industry to develop natural UV sunscreens due to their physico-chemical features of low molecular weight, absorption in the UV region [12, 42] , high melting point, solubility in water and organic solvents [40] , and extreme stability in a wide range of pH and temperature conditions [49] . In fact, examples of such sunscreens are available on the market. One of the most commercialized is Helioguard 365, which combines porphyra-334 and shinorine isolated from the red alga Porphyra umbilicalis. Although both porphyra-334 and shinorine present absorption maxima mainly in the UVA region, sunscreens manufactured with these types of MAAs can prevent not only the effects of UVA radiation such as aging and possibly the development of melanoma [55] but also sunburn [56] , which is heavily weighted in the UVB range [55] .
In addition to the protection of human skin, MAAs have been commercially explored as sunscreens for other materials. For example, they have been used as photostabilizing additives in plastics, paint, and varnish [40, 57] . Based on their antioxidant activities, MAAs from algae could have potential applications in the prevention and therapeutic treatment of infections related to free radical production and UV irradiation in humans [49] through the formulation and ingestion of multi-functional foods.
MAAs in species around the world
In red algae, MAAs are present in species from different water depths [25, 32] and geographical areas, ranging from polar to tropical regions [22] and including the Subantarctic [25, 28, 58, 59] and Antarctic regions [32] . Macroalgae can be classified according to their MAA content into three physiologically different groups: (1) species with no MAA biosynthesis capability, (2) species with a constant and relatively high MAA composition and concentration, and (3) species with a basic MAA concentration that adjusts in relation to changes in the quality and quantity of environmental radiation (e.g., UVA, UVB, and by PAR) [27, 28, [60] [61] [62] , as well as in relation to other environmental variables such as salinity, temperature, desiccation [44, 63] , and N availability [24, 26-28, 59, 64-66] . However, it has been suggested that there are no consistent MAA induction patterns, indicating that the induction, formation, and accumulation of MAAs are very flexible and speciesspecific mechanisms [28, 62] . Overall, the most common MAAs in red macroalgae are shinorine, palythine, palythinol, asterina-330, and porphyra-334, all of which have absorption maxima in the UVA region, along with mycosporine-glycine, which has its absorption maximum in the UVB region (310 nm).
MAAs in species from Patagonia
The Patagonian region is the only continental landmass along the mid-latitudes in the Southern Hemisphere. It includes Pacific and Atlantic lowlands and coasts, southern archipelagos, channels, fiords, valleys, tablelands, and high plains extending between the Andes and the Atlantic Ocean [67] . The marine flora of this area comprises unique communities characterized by the presence of endemic groups inter-mixed with sub-tropical and sub-Antarctic components [68, 69] . Studies on the presence and synthesis of MAAs in red macroalgae from Patagonia are limited compared with other areas, including the Antarctic. Some studies have screened MAAs in species from north Patagonia [25, 58, 70] . Korbee-Peinado collected 22 species from Chiloé Island in Chile (41° S, 73° O) and Camarones Bay in Argentina (44° 33′S, 65° 22′W) [70] . The species that showed the highest MAA concentrations were from the genera Bostrychia (4.7 mg.g -1 dw; 14% mycosporineglycine and 75% shinorine) and Porphyra (4.5 mg.g -1 dw; 1.5% mycosporine-glycine and 86% porphyra-334). Huovinen et al. [25] studied the MAA content of 13 red macroalgae species collected from different sites and depths in southern Chile (Valdivia and Chiloé Island) and concluded that the MAA concentration is generally higher in species inhabiting locations with high intensities of solar irradiation. They also observed the highest MAA concentration in Porphyra columbina (7.2-10.6 mg.g -1 dw), while the lowest concentrations were observed in Polysiphonia sp. (less than 2 mg.g -1 dw). They identified six different MAAs, with shinorine being the most common and present in all algae species studied.
Although the red macroalgae species from Patagonia studied to date have not shown high MAA concentrations, some of these species could vary their MAA concentrations during the day or under stressful conditions. In this context, Helbling et al. [58] worked with four species collected from Playa Barrancas Blancas-Rawson, Chubut, Argentina (43° 19′S, 65° 3′W), and observed that the concentration of UV-absorbing MAA compounds in Ceramium sp. varied as a function of solar irradiance, with maximum values occurring around local noontime. They also observed that the differential responses of UV-absorbing compound concentrations were more associated with the previous light history of the algae (i.e., resulting from their position in the intertidal zone) than with the radiation treatment imposed on the samples. They determined the presence of MAAs in red algae using a simple UV-visible spectra analysis of methanolic extracts, and the total concentration was estimated as the area under the curve in the UV region. Afterward, each MAA was identified using high-performance liquid chromatography (HPLC).
Because many laboratories do not have the ability to detect these compounds via HPLC, a simple UV-visible spectrum analysis of methanolic extracts can be used as a prospecting technique to discriminate species with high concentrations of total MAAs and to determine the absorption maxima of the extracts. Studies on phytoplankton species [71] and macroalgae [44, 58] have shown that this technique can be a good estimator of the concentrations of MAA.
Methanolic extracts of the most conspicuous red algae species from the Strait of Magellan (South Patagonia: 53° 37′ S, 70° 59′ W) were analyzed in a spectrophotometer (290-400 nm, Spectroquant® Pharo 300) (Fig. 1) . The concentration of UV-absorbing compounds (as area under the curve) was standardized by dry weight (mg.g -1 dw). While most species showed absorption maxima at 332-336 nm (UVA), other species such as Lophurella hoockeriana showed a peak at 304 nm (UVB). Because no MAAs with absorption maxima below 309 nm have been reported (Table 1) , the peak at 304 nm in L. hoockeriana could be attributed to Gadusol, a compound usually found together with MAAs in marine organisms that shows a maximum at 296 nm at physiological pH, shifting to lower wavelengths with decreasing pH [72] . However, the peak at 304 nm could be due to phenolic compounds, substances that have also been found in red macroalgae [73, 74] . The concentration of UV-absorbing compounds was highest in Pyropia columbina, as expected. However, other species showed similar concentrations to P. columbina: Bostrychia sp., Lophurella hoockeriana, Polysiphonia sp., and Ceramium rubrum (Fig. 2) .
Increased concentrations of MAAs in species from the Strait of Magellan were observed by Navarro et al. [28, 59] . The MAA content was increased in Mazzaella laminarioides (from 2.1 to 3.24 mg.g -1 dw) under solar radiation and nitrogen supply [59] . However, one of the most important and promising results of this study was the accumulation of mycosporine-glycine. This increase occurred when M. laminarioides was exposed to high solar radiation, depending on the nitrate concentration, with the accumulation becoming saturated at approximately 0.18 mM of nitrate [59] . The importance of this result lies in the fact that mycosporine-glycine is the only MAA in red macroalgae that can absorb in the UVB region. In the case of Pyropia columbina, the total MAA concentration increased (from 3 to 10 mg.g -1 dw) after 4 h of exposure to solar radiation [28] . This result is promising in an economic context because this species accumulated 4 times more total MAAs after only 4 h of exposure to the full solar spectrum. Thus, both species could be used as a source of photoprotectors: P. columbina for its high total MAA concentration, and M. laminarioides for its mycosporine-glycine content. The results observed in P. columbina and M. laminarioides from the Strait of Magellan are compared with other species cultivated under nitrogen supply in Table 2 . 
Perspective
The use of MAAs and other products derived from algae in biotechnological products is limited by the low concentrations of MAAs reported in algae and by the inherent difficulty of ensuring sufficient algal biomass for product extraction. Thus, species with high MAA concentrations and a high and sustainable year-round production of biomass are desirable. In general, biomass limitations and the possible over-harvest of species have been overcome through the development of intensive macroalgae-growing techniques under controlled conditions [75] . Another alternative is to obtain two or more compounds (including MAAs) from the same biomass using the biorefinery concept to take advantage of the biomass in a sustainable way. Another plausible solution is the diversification of MAA sources among various Patagonian red macroalgae species. This diversification would ensure sufficient algal biomass for MAA extraction, even though the concentrations observed in these species are not significantly higher than in other species worldwide. L. hoockeriana from South Patagonia showed absorption maxima at 304 nm and a high MAA concentration, and this species could become a model to determine the types of compounds present and how to increase their concentration. It is important to note that few macroalgae have MAAs that absorb in the UVB region, and their concentrations are generally low (e.g., mycosporine-glycine) [25, 59] .
UVB-absorbing compounds could be used in commercial preparations to prevent sunburn, which is heavily weighted in the UVB range [55] . At present, most of the sunscreens available on the market protect mainly against UVA radiation and its effects of aging and possibly the development of melanoma [76] . A valuable combination of highly efficient and photostable filters that afford optimally balanced protection against both UVA and UVB could be obtained by combining mycosporine-glycine with other MAAs, such as shinorine and pophyra-334. Information about the content and composition of MAAs in different species around the world is accumulating, and a database of information on the presence or absence of specific MAAs in different groups of organisms has become available (e.g., http://www.fyboa.uma.es/?page_id=276). However, the search for species with high MAA content or the ability to synthesize these compounds in culture conditions is an unfinished task.
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